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Introduction
Surface expression of a certain protein or peptide has 
many advantages compared to intracellular protein ex-
pression. The surface-expressed protein is freely accessi-
ble for binding studies or enzyme activity assays. Cell-at-
tached proteins are oft en more stable than those in a 
solution, similar to the stability obtained through immo-
bilization on a matrix. Secretion of the target protein out-
side the cell can also have many advantages, such as 
avoiding the time and cost associated with protein purifi -
cation. The cells can be quickly removed by a simple cen-
trifugation step. Because Escherichia coli does not natural-
ly secrete proteins at high levels, the secreted target 
protein can be easily separated from the less complex 
background (1).
Diﬀ erent secretion mechanisms evolved in Gram- 
-negative bacteria for translocation of proteins across the 
inner and outer membrane. There are currently eight types 
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Summary
A new optimized system for the surface display and secretion of recombinant proteins 
is described, termed MATE (maximized autotransporter-mediated expression). It is based 
on an artifi cial gene consisting of the coding region for the signal peptide of CtxB, a multi-
ple cloning site for passenger gene insertion, fl anked by coding sequences for linear epi-
topes for monoclonal antibodies and OmpT, and factor Xa protease cleavage sites followed 
by a codon-optimized DNA sequence of the linker and the β-barrel of the type V auto-
transporter EhaA from Escherichia coli under control of an IPTG-inducible T5 promoter. 
The MATE system enabled the continuous secretion of recombinant passenger mCherry 
via OmpT-mediated cleavage, using native OmpT protease activity in E. coli when grown 
at 37 °C. It is the fi rst example to show that native OmpT activity is suﬃ  cient to facilitate 
the secretion of a correctly folded target protein in preparative amounts obtaining 240 μg 
of purifi ed mCherry from 800 mL of crude culture supernatant. Because the release of 
mCherry was achieved by a simple transfer of the encoding plasmid from an OmpT-nega-
tive to an OmpT-positive strain, it bears the option to use surface display for screening 
purposes and secretion for production of the selected variant. A single plasmid could 
therefore be used for continuous secretion in OmpT-positive strains or surface display in 
OmpT-negative strains. In conclusion, the MATE system appears to be a versatile tool for 
the surface display and for the secretion of target proteins in E. coli.
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of secretion systems (type I–VIII) and the chaperone-ush-
er pathway is known to act in diﬀ erent ways to cross both 
membrane barriers. The autotransporter pathway, also 
known as type Va pathway, is one of the simplest and 
widespread secretion systems for the translocation of pro-
teins across the cell envelope of Gram-negative bacteria. 
Like other type V pathways, the Va secretion system is 
dependent on the Sec machinery (2,3). A popular repre-
sentative of the Va secretion pathway is the AIDA-I auto-
transporter, which is known to mediate epithelial cell ad-
hesion (4). Wells et al. (5) described the novel type Va 
autotransporter EhaA which contributes to adhesion, col-
onisation and biofi lm formation by enterohemorrhagic E. 
coli O157:H7. Many of the characterised autotransporters 
are associated with virulence. The surface-exposed pas-
senger domains are extremely diverse and the functions 
of most autotransporters remain unknown (6). All auto-
transporters possess common features necessary for tran s-
port to the cell surface: (i) an N-terminal signal peptide 
that enables the transport across the inner membrane, (ii) 
a passenger domain that is either surface displayed or re-
leased into the extracellular milieu, (iii) a linker for a com-
plete surface exposure, and (iv) a β-barrel domain that is 
inserted into the outer membrane (7,8). Unlike the origi-
nal belief that autotransporters possess all properties 
needed for their autonomous transport across the cell en-
velope, there are accessory proteins that conduct the 
proper transport and integration into the outer cell mem-
brane: aft er recognition of the signal peptide by the Sec 
translocon, the translocation of the polypeptide chain 
takes place in its unfolded form and the signal peptide is 
cleaved by signal peptidase during translocation (9,10). 
The β-barrel assembly machinery (also termed Bam com-
plex) and further periplasmic chaperones, such as Skp, 
SurA and DegP, build a stable intermediate with the poly-
peptide chain aft er its transport through the inner mem-
brane (11,12). A β-barrel is formed out of the correspond-
ing polypeptide domain and somehow integrated into 
the outer membrane. The β-barrel possesses a hydrophilic 
pore through which the linker with the passenger can be 
traversed to the cell surface (2,13). The secretion mecha-
nism of autotransporters could be exploited for the trans-
port of a recombinant passenger by simply replacing the 
coding region of the innate passenger through the se-
quence of the desired recombinant passenger sequence 
(7). Release of the passenger is fi nally conducted either 
through endogenous host proteases such as OmpT (14–
16), or through self-proteolysis, as it is the case for the so -
-called serine protease autotransporters of Enterobacteria-
ceae (SPATE) (17). By replacing the natural passenger with 
the target protein, this system has recently been utilized 
for secretion of the red fl uorescent protein mCherry (18).
OmpT is an endoprotease localized in the outer mem-
brane of E. coli. It cleaves preferentially between two basic 
residues, and its physiological function remains unclear 
(19). The display of the cholera toxin B subunit (CtxB) 
with AIDA-I autotransporter led to the release of the pas-
senger by OmpT (14–16). OmpT recognition sites within 
the autodisplayed passenger CtxB were not cleaved (16). 
Jose et al. (20) showed the secretion of dimeric adrenodox-
in (Adx) in E. coli strain UT2300 by cleavage of host OmpT 
protease within the AIDA-I linker region. However, the 
released amount of free Adx protein was low and a large 
portion of the protein remained associated with the outer 
membrane. As the release of the passenger by OmpT is 
undesirable for surface expression, surface display has 
typically been carried out in OmpT-negative E. coli strains 
such as E. coli UT5600 or BL21 (20). Although OmpT-me-
diated cleavage of passenger proteins has been shown 
several times for PAGE analysis (15,16,20–22), the feasibil-
ity of OmpT-mediated secretion on lab scale has not led to 
suﬃ  cient results by utilizing the AIDA-I translocon.
We therefore designed a new system, designated as 
MATE (maximized autotransporter-mediated expres-
sion), that can be simultaneously used for surface expres-
sion and secretion of preparative amounts of a protein of 
interest in E. coli. The MATE system utilizes the endoge-
nous E. coli protease OmpT for continuous secretion in 
order to obtain preparative amounts of secreted protein 
for analysis. The system is based on an artifi cial gene har-
bouring the coding sequence for the CtxB signal peptide, 
a multiple cloning site for passenger gene insertion, 
fl anked by coding sequences for linear epitopes for mono-
clonal antibodies and OmpT and factor Xa cleavage sites, 
followed by a codon-optimized nucleotide sequence en-
coding the C-terminal part of EhaA autotransporter for 
the translocation of the passenger across the cell enve-
lope. It has recently been shown that EhaA is suitable for 
surface display not only in E. coli (23), but also in Zymo-
bacter palmae and Zymomonas mobilis (24). Whether the 
protein is secreted or surface displayed depends only on 
the strain of E. coli in which it is expressed. We could 
demonstrate the usability of the MATE system for surface 
display of a small 6xHis peptide, an active esterase, and 
the red fl uorescent protein mCherry in an OmpT-negative 
host strain, and at the same time apply it for secretion and 




For phylogenetic analysis, sequences were accessed 
from UniProt (25) or NCBI GenBank (26). Homologous 
sequences were obtained via the SIMAP database (27). 
Alignments were conducted using the soft ware Mega v. 
6.0 (28), and the ClustalW algorithm with gap opening 
penalties of 10 to 20, and gap extension penalties of 0.1 to 
0.2. Phylogenetic analysis was also performed with Mega, 
using the maximum likelihood algorithm and the JTT ma-
trix (29).
Bacterial strains and growth conditions
E. coli Stellar (F–, endA1, supE44, thi-1, recA1, relA1, 
gyrA96, phoA, Φ80d lacZΔ M15, Δ[lacZYA-argF] U169, 
Δ[mrr-hsdRMS-mcrBC], ΔmcrA, λ–) was used for cloning 
purposes (Clontech Laboratories Inc, a TaKaRa Bio Com-
pany, Mountain View, CA, USA). E. coli UT5600 (F¯, ara- 
-14, leuB6, secA6, lacY1, proC14, tsx-67, Δ[ompT-fepC]266, 
entA403, trpE38, rfb D1, rpsL109[Strʳ], xyl-5, mtl-1, thi-1), 
E. coli UT2300 (F¯, ara-14, leuB6, secA6, lacY1, proC14, tsx-
-67, entA403, trpE38, rfb D1, rpsL109[Strʳ], xyl-5, mtl-1, thi -
-1) and E. coli BL21 (B, F¯, dcm, ompT, lon, hsdS[rB¯ mB¯], 
gal) were used for expression experiments (30). The cells 
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were typically grown in lysogeny broth (LB) containing 
60 μg/mL of kanamycin. Cultures for protein expression 
were inoculated with 0.01 % (by volume) of an overnight 
pre-culture, and grown until A600 nm=0.5 at 37 °C and 
200 rpm. Protein expression was induced with 1 mM 
isopropyl-β-d-1-thiogalactopyranoside (IPTG), and the 
cells were incubated for another 1.5 h. Cultures for purifi -
cation of secreted protein were set up as follows: 800 mL 
of LB medium containing 60 μg/mL of kanamycin was in-
oculated with 0.01 % (by volume) of an overnight culture, 
and grown until A600 nm=0.5 at 37 °C and 200 rpm. A con-
centration of 1 mM of IPTG was added, and the cells were 
incubated for 24 h.
Plasmid construction and expression
The MATE autotransporter domain was derived from 
the C-terminal domain (linker and β-barrel) of EhaA from 
E. coli strain O157:H7 [GenBank Accession No. Q8X6C1, 
(5)]. The pMATE-MT004 plasmid encoding the autotrans-
porter fusion protein with 6xHis as a passenger was syn-
thesized commercially in the pJExpress-401 vector back-
bone (DNA2.0, Menlo Park, CA, USA). The MATE fusion 
protein included an N-terminal signal peptide from the 
cholera toxin B subunit (CtxB), a 6xHis aﬃ  nity tag, a mul-
tiple cloning site, and the codon-optimized autotrans-
porter domain, which consists of a linker and a β-barrel 
region. Protease cleavage sites included a factor Xa site 
between the N-terminal 6xHis and the multiple cloning 
site, and both (for factor Xa and OmpT) were incorporat-
ed aft er the C-terminal side of the multiple cloning site. 
An epitope (PEYFK) for a monoclonal antibody (Dü142) 
(16) was inserted aft er the protease cleavage sites. The pJ-
Express-401 plasmid backbone contained coding se-
quences for rrnB1/B2 terminator, kanamycin resistance 
gene, LacI repressor, pUC ori, rpn and bla terminators and 
IPTG-inducible T5 promoter.
For construction of pMATE-SI015, pMATE-PT013 
and pAIDAI-PT014, standard In-Fusion® techniques were 
used as described by the manufacturer (Eco-Dry kit, 
Clontech Laboratories Inc) and transferred into E. coli 
Stellar chemically competent cells. A detailed construc-
tion strategy including the primer sequences used for am-
plifi cation of the respective fragments is provided in Sup-
plementary Fig. 1 and Supplementary Table 1 (available 
at www.ft b.com.hr).
Diﬀ erential cell fractionation
Overnight cultures of E. coli BL21, UT2300 or UT5600 
containing the plasmid of interest were used to inoculate 
40 mL of LB medium (1:40 dilution), which was incubated 
at 37 °C and 200 rpm until the cultures reached A600 nm=0.5. 
Protein expression was induced by the addition of 1 mM 
IPTG, and the cells were harvested 1.5 h aft er induction. 
For isolation of soluble protein fractions, the pellet was 
resuspended in 1 mL of Tris/HCl buﬀ er (0.2 M, pH=8.0) 
and subjected to 7 cycles of sonication (60 s each at 50 % 
of maximum output, UP200S Ultrasonic Processor, Hiel-
scher Ultrasonics GmbH, Teltow, Germany). Membrane 
proteins were removed by centrifugation at 20 000×g for 
30 min at 4 °C. The supernatant contained the soluble 
proteins and was used for further experiments. Outer 
membrane proteins were prepared according to a modi-
fi ed rapid isolation protocol as described earlier (31,32). 
Briefl y, the cell pellet was resuspended in 1.5 mL of Tris/
HCl buﬀ er (0.2 M, pH=8.0), followed by the addition of 
0.1 mL of saccharose (1 M in water), 0.1 mL of ethylenedi-
aminetetraacetic acid (10 mM in water), 0.1 mL of lyso-
zyme (10 mg/mL in water), and 3.2 mL of water. Aft er 10 
min of incubation at room temperature, following re-
agents were added: 50 μL of phenylmethanesulphonyl-
fl uoride (100 mM in n-propanol), 10 μL of aprotinin 
(10 mg/mL in 10 mM HEPES buﬀ er, pH=8.0), 5 mL of ex-
traction buﬀ er (2 % Triton X-100, 10 mM MgCl2 in 50 mM 
Tris/HCl, pH=8.0) and 0.1 mL of DNAse (1 mg/mL). The 
suspension was thoroughly mixed and incubated for 30 
min on ice. Subsequently, cell debris was removed by cen-
trifugation at 3000×g for 5 min, and the supernatant was 
centrifuged at 38 700×g for 10 min. The resulting protein 
pellet was washed twice with 10 mL of ice-cold water.
OmpT protease activity assays
To measure OmpT activity in whole cells and mem-
brane samples, we adopted the fl uorescence resonance 
energy transfer (FRET) method that Kramer et al. (33) 
used to measure the activity of purifi ed OmpT. The pep-
tide substrate Abz-Ala-Arg-Arg-Ala-Tyr(NO2)-NH2 was 
synthesized commercially (Bachem, Bubendorf, Switzer-
land) and dissolved in FRET assay buﬀ er (0.5 M Tris/HCl, 
pH=7.0) to a concentration of 8 mM. Continuous assays 
using a fi nal substrate concentration of 0.16 mM were 
conducted using solutions of whole E. coli cells or isolated 
outer membrane proteins. For the preparation of whole 
E. coli cell solutions, LB medium was inoculated with a 
pre-culture of E. coli UT2300 or E. coli UT5600 as described 
above. Cells were grown at 37 °C to A600 nm=0.5, harvested 
and washed with assay buﬀ er (0.5 M Tris/HCl, pH=7.0), 
and subsequently resuspended in the same buﬀ er to A600= 
0.5. Fluorescence was measured using a microplate read-
er (Mithras 940, Berthold, Bad Wildbad, Germany) at an 
excitation of (355±20) nm and an emission of (420±5) nm.
SDS-PAGE and Western blot
Sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) of proteins isolated from the outer 
membrane was conducted as described elsewhere (34) 
with stacking (4 % T) and resolving (10 % T) gels (Mini- 
-Protean III, Bio-Rad, Hercules, CA, USA). Protein sam-
ples were diluted 1:2 in sample buﬀ er consisting of Tris/
HCl (100 mM, pH=6.8), sodium dodecyl sulphate (4 %), 
Bromophenol Blue (0.2 %), dithiothreitol (200 mM) and 
glycerol (20 %) and heated to 100 °C for 15 min before 
electrophoresis. Proteins were then detected with Co-
omassie Brilliant Blue R-250. PageRuler prestained pro-
tein ladder from Fermentas (St. Leon-Rot, Germany) 
served as a molecular mass marker.
For Western blott ing, proteins were transferred onto 
a nitrocellulose membrane using standard electroblott ing 
techniques (Mini-trans blot, Bio-Rad). The blot was then 
blocked with phosphate-buﬀ ered saline (PBS, pH=7.4) 
containing 3 % bovine serum albumin (BSA), and incu-
bated with a 1:1000 dilution in PBS of the primary anti-
body against 6xHis (mouse anti-6-His mAb IgG1, Diano-
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va, Hamburg, Germany). The blot was then washed in 
PBS, and incubated for 2 h with a 1:6000 dilution in PBS of 
the secondary antibody (horseradish peroxidase-conju-
gated anti-mouse IgG; antibodies-online.com, Atlanta, 
GA, USA). The blot was then washed and incubated with 
Pierce enhanced chemiluminescent (ECL) substrate 
(Thermo Scientifi c, Waltham, MA, USA). Chemilumines-
cence was detected with a chemiluminescent reader (Che-
moCam ECL imager, Intas, Gött ingen, Germany).
Secretion and IMAC purifi cation of mCherry
A volume of 800 mL of LB medium was inoculated 
with 8 mL of an overnight culture of either E. coli UT2300 
or E. coli UT5600 harbouring pMATE-SI015 plasmid, and 
grown until A600 nm=0.5 at 37 °C and 200 rpm. A concentra-
tion of 1 mM of IPTG was added, and the cells were incu-
bated for 24 h. The cells were then removed by centrifu-
gation (10 000×g for 20 min at 4 °C).
The mCherry protein secreted into the LB medium 
was supposed to contain a polyhistidine tag towards the 
N-terminus, and could therefore be purifi ed by immobi-
lized metal aﬃ  nity chromatography (IMAC). Aft er the 
removal of the cells, the complete volume of cell-free 
growth medium was fi ltered through a 0.45-μm fi lter unit 
and loaded on a column containing Ni-NTA medium that 
had been pre-equilibrated with binding buﬀ er (20 mM so-
dium phosphate, 0.5 M sodium chloride and 20 mM imid-
azole, pH=7.0). The column was washed with 10 column 
volumes of binding buﬀ er followed by 10 column vol-
umes of washing buﬀ er (binding buﬀ er+50 mM imidaz-
ole). The protein was eluted with 10 mL of elution buﬀ er 
(binding buﬀ er+200 mM imidazole), and the eluate was 
collected in fi ve fractions. The eluted protein fractions 
were concentrated in a centrifugal fi lter device with a cut-
-oﬀ  size of 10 kDa (Amicon Ultra-4, Merck Millipore, 
Darmstadt, Germany). All purifi cation steps were carried 
out at 4 °C. Protein concentration of mCherry was deter-
mined by measuring the absorption at 280 nm using a 
nanophotometer (Implen P300, Implen GmbH, München, 
Germany) with a molar absorption coeﬃ  cient of 34 380 L/
(M·cm) and a protein mass of 28.4 kDa. Additionally, pro-
tein concentration was determined by means of Roti®- 
-Quant Bradford assay according to the manufacturer’s 
protocol (Carl Roth GmbH & Co. KG, Karlsruhe, Germa-
ny). Briefl y, 200 μL of 5×-staining solution were mixed 
with the protein sample diluted in 800 μL of Tris/HCl buf-
fer (0.2 M, pH=8.0) and absorption was measured aft er 10 
min of incubation at 595 nm. BSA served as a reference. 
Both methods provided very similar protein concentra-
tion values.
Flow cytometry
Cell cultivation and protein expression were carried 
out as described, and the culture was centrifuged and 
stored overnight in PBS. The cells were washed twice 
with PBS (fi lter-sterilized) and diluted to A600 nm=0.4. A 
volume of 1 mL of the cell suspension was then pelleted 
and resuspended in 100 μL of PBS containing mouse anti-
-6xHis antibody (1:50, THE™ HisTag, GenScript, Piscat-
away, NJ, USA). Aft er incubation for 30 min at room tem-
perature, the washing step was repeated three times, and 
the cells were incubated for 30 min in the dark with a goat 
anti-mouse IgG antibody which was coupled to DyLight 
633 (1:50, Thermo Scientifi c, USA). Aft er washing again, 
the cells were analyzed by means of a FACSAria III fl ow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA) us-
ing an excitation wavelength of 633 nm for DyLight 633, 
and an excitation wavelength of 561 nm for mCherry.
Esterase activity assay
Esterase activity assay was performed as described 
previously (35), with minor modifi cations: cells were 
grown as described above and protein expression was in-
duced. Aft er cell harvest and a washing step with 100 mM 
Tris/HCl buﬀ er (pH=7.0), the absorbance was adjusted to 
A600 nm=1. A volume of 40 μL of this cell suspension was 
added to a 160-μL assay solution composed of 100 mM 
Tris/HCl buﬀ er (pH=7.0) with 3.2 mM p-nitrophenyl ace-
tate as substrate. Increase of absorption at 405 nm due to 
release of p-nitrophenol was measured spectrophotomet-
rically in a microplate reader (Mithras LB 940, Berthold, 
Germany).
Results
Identifi cation of the EhaA autotransporter domain used 
in the MATE system
The EhaA autotransporter belongs to the type Va se-
cretion group and shows a phenotype of cell aggregation 
when expressed with the native passenger domain. As 
with other autotransporters such as the AIDA-I from 
E. coli, replacing the passenger domain with a protein of 
interest facilitates surface display. Although a number of 
EhaA amino acid sequences in public databases are la-
belled AIDA-I-like, Celik et al. (6) placed EhaA within the 
large IcsA/VirG subfamily (Group 12), rather than the 
neighbouring ‘long-type’ (Group 13) that included AIDA-
-I. In the C-terminal region we found that EhaA had a 
slightly higher sequence identity to IcsA of Shigella fl exne-
ri than to AIDA-I (data not shown), supporting the classi-
fi cation of Celik et al. (6). However, homology searches 
revealed a large number of diverse sequences that were 
more similar to EhaA than to either AIDA-I or IcsA (data 
not shown). This suggests that EhaA-like sequences form 
their own subgroup within the autotransporter family. 
The EhaA-like sequences (>60 % amino acid identity) 
were present in a large number of Gram-negative strains 
(data not shown), suggesting that the EhaA autotrans-
porter domain could be useful for expression in a variety 
of Gram-negative bacteria.
Surface display of a polyhistidine tag, mCherry and 
esterase EstA
The C-terminal linker and β-barrel domains of an au-
totransporter protein are required for transport to the cell 
surface. We defi ned the start of the EhaA linker region 
based on a pairwise alignment with a C-terminal frag-
ment of AIDA-I that had previously been used for surface 
display (16). EhaA also contains a proline-rich 31 amino 
acid insert that is lacking in AIDA-I; however, most of the 
remaining sequence could be well aligned. The amino 
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acid identity of linker and β-barrel regions of the two pro-
teins was 37 % excluding gaps. The codons of the DNA 
sequence encoding the fusion protein were optimized ac-
cording to the codon usage of E. coli proteins expressed 
under conditions of physiological stress (36). The codon 
usage was further altered to remove selected restriction 
sites from the open reading frame, and to minimize the 
predicted secondary structure in the region encoding the 
CtxB signal peptide. To transport the fusion protein 
across the inner membrane, we added the N-terminal 
CtxB signal peptide (16).
The plasmid pMATE-MT004 encoded the autotrans-
porter fusion protein with a simple 6xHis, followed by a 
multiple cloning site as the passenger, pMATE-SI015 en-
coded mCherry, and pMATE-PT013 the esterase EstA 
from B. gladioli as passenger domain (Fig. 1). The correct 
fusions were controlled by restriction analyses and DNA 
sequencing.
It was fi rst tested whether the EhaA domain used in 
the MATE system could transport a small peptide to the 
outer membrane of E. coli. Aft er transforming the plasmid 
pMATE-MT004 into E. coli UT5600 and inducing protein 
expression with IPTG, SDS-PAGE and Western blot re-
vealed a protein of 60–65 kDa in the outer membrane. The 
predicted size of the autotransporter fusion protein with 
6xHis as a passenger was 57.6 kDa aft er cleavage of the 
N-terminal signal peptide. The fusion protein was visible 
in both cases as a single band aft er SDS-PAGE (Fig. 2; 
31,37). Interestingly, a much higher amount of fusion pro-
tein could be found in the outer membrane of E. coli when 
mCherry or EstA were inserted as passenger domains 
(Fig. 3). Obviously, the translocation eﬃ  ciency strongly 
depends on the passenger sequence itself, whereby its 
length does not seem to be the crucial parameter. To com-
pare the transport eﬃ  ciencies of MATE and the previous-
ly quite frequently applied AIDA-I (7,38), we constructed 
pAIDAI-PT014, in which the EhaA translocation unit 
from pMATE-SI015 is substituted by that of AIDA-I. Ac-
cording to the band intensities in the SDS-PAGE, MATE- 
-mCherry is obviously present in considerably larger 
amounts in the outer membrane than AIDA-I-mCherry 
(Fig. 3).
Fig. 2. Utilization of the MATE system for the transport of a 
small peptide with an N-terminal 6xHis to the outer membrane. 
E. coli BL21 cells were grown in LB medium to A600 nm=0.5. Pro-
tein expression was induced by the addition of 1 mM IPTG, and 
the cells were harvested aft er 1.5 h. Outer membrane proteins 
were isolated according to the modifi ed method of Park et al. 
(31): a) SDS-PAGE of outer membrane proteins including the 
reference outer membrane proteins OmpF and OmpA; b) West-
ern blot of outer membrane proteins with an antibody against 
6xHis. M=PageRuler prestained protein marker, 1=cells with 
negative control plasmid, expressing a 74.5-kDa sized fusion 
protein containing the AIDA-I autotransporter with a single- 
-chain antibody fragment as passenger [pST005, (37)], 2=cells 
with empty vector (pJExpress-401), 3=cells with pMATE-MT004 
without the addition of IPTG, 4=cells with pMATE-MT004 with 
1 mM IPTG for the induction of protein expression. The arrow 
indicates the band associated with the MATE fusion protein
Fig. 1. Scheme of the used MATE autotransporter fusion proteins. The fusion proteins include an N-terminal signal peptide from the 
cholera toxin B subunit (CtxB), a 6xHis epitope, the respective passenger domains, and the C-terminal autotransporter domain, 
which consists of a linker and β-barrel region. The protein sequence contains factor Xa and OmpT protease cleavage sites, which 
were incorporated aft er the passenger domains. Protease recognition sites in the expressed protein are indicated with an asterisk (*). 
Two asterisks (**) indicate the amino acid sequence of the small passenger consisting of a further fXa cleavage site (IEGR) and the 
peptide product of the multiple cloning site. A PEYFK epitope for a monoclonal antibody (Dü142) was inserted aft er the protease 
cleavage sites. The predicted size of the encoded proteins aft er cleavage of the signal peptide is indicated
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Next, it was investigated if the MATE system enables 
a stable presentation of mCherry on the cell surface of an 
OmpT negative strain. For this purpose, pMATE-SI015 
was inserted into E. coli UT5600, and protein expression 
was induced as described. The cells were then incubated 
with anti-6xHis antibody, followed by incubation with a 
DyLight 633-coupled second antibody. As antibodies are 
too large to penetrate the bacterial outer cell membrane, 
binding to an epitope (in this case the 6xHis epitope at the 
N-terminus of mCherry) can only occur when the epitope 
is actually located on the outside of the cell. The same 
cells, but without antibody labelling (to exclude interfer-
ence between mCherry and DyLight 633 fl uorescence), 
and cells containing the empty expression vector pJEx-
press-401 were used as negative controls. As can be seen 
in the fl ow cytometry histograms, cells expressing MATE-
-mCherry (Fig. 4a above) exert a signifi cantly higher Dy-
Light 633 fl uorescence intensity than the control cells 
without antibody labelling (Fig. 4b above) and with emp-
ty expression vector (Fig. 4c above), providing evidence 
that mCherry was displayed on the surface of OmpT-neg-
ative E. coli cells. Furthermore, these cells also showed 
mCherry fl uorescence (Figs. 4a and b below), providing 
evidence that the protein adopts a functional conforma-
tion when displayed with the MATE system. Even with 
the naked eye, a distinct colouring of these cells on agar 
plates is recognizable when using a LED illuminator or 
similar device (data not shown).
To demonstrate that an enzyme is functional when 
displayed by means of the MATE system, E. coli UT5600 
cells were transformed with plasmid pMATE-PT013, 
which encodes the esterase EstA from B. gladioli (39) as 
passenger domain. The presentation of EstA on the cell 
surface was verifi ed by fl ow cytometry as described 
above (data not shown). Aft er inducing protein expres-
sion, cells were incubated with p-nitrophenyl acetate, and 
hydrolysis of this substrate was monitored photometri-
cally at 405 nm. E. coli UT5600 pJExpress-401 and E. coli 
UT5600 pMATE-SI015 displaying mCherry were used as 
negative controls. As can be seen in Fig. 5, cells displaying 
the esterase catalyzed the hydrolysis of the applied sub-
strate, indicating that EstA adopts an active conformation 
on the bacterial surface aft er transport with MATE.
Secretion of mCherry
In the next step it was investigated whether the 
MATE system can be used for secretion of a full-length 
protein into the medium. In our case it was unknown 
whether OmpT protease would facilitate cleavage in the 
native linker. For this reason, we inserted an artifi cial 
Fig. 3. Outer membrane proteins of E. coli UT5600 cells with: 
1=empty expression vector pJExpress-401, 2=plasmid encoding 
for AIDA-I-mCherry, not induced and 3=induced, 4=plasmid 
encoding for MATE-6xHis, not induced and 5=induced, 6=plas-
mid encoding for MATE-mCherry, not induced and 7=induced, 
8=plasmid encoding for MATE-EstA, not induced and 9=in-
duced. Fusion proteins are marked with an asterisk (*). Sample 
amounts were normalized to OmpF/OmpA protein bands
Fig. 4. Surface display of mCherry analyzed by fl ow cytometry: a) UT5600 cells displaying mCherry; b) UT5600 cells displaying 
mCherry, without antibody treatment; c) UT5600 control cells with empty expression vector. Above: DyLight 633 fl uorescence. Be-
low: mCherry fl uorescence. Cells were cultivated and protein expression was induced as described. Cells were then harvested and, 
except sample b), incubated with anti-6xHis antibody, followed by incubation with DyLight 633 fl uorophore-labelled second anti-
body. Cell count was 50 000 cells for each sample
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OmpT cleavage site (Ala-Arg-Arg-Ala) in the C-terminal 
region of the recombinant passenger. We att empted to 
measure the activity of the native OmpT protease in 
whole cells and outer membrane preparations. The assay 
relies on the decrease in fl uorescence resonance energy 
transfer (FRET) observed upon the hydrolysis of the sub-
strate Abz-Ala-Arg-Arg-Ala-Tyr(NO2)-NH2. In whole cell 
assays, the measured activity of the OmpT-positive strain 
E. coli UT2300 was consistently higher, although the sub-
strate was cleaved by proteases in both E. coli UT2300 and 
UT5600 strains (Supplementary Fig. 2; available at www.
ft b.com.hr). Incubating the protease substrate with isolat-
ed membrane proteins resulted in a greater diﬀ erentia-
tion between the OmpT-positive and -negative strains 
(Supplementary Fig. 3; available at www.ft b.com.hr).
To examine the functionality of the artifi cial OmpT 
cleavage site for secretion of mCherry, we transferred the 
plasmid pMATE-SI015 into the OmpT-positive strain 
E. coli UT2300 and looked for the presence of mCherry in 
the growth medium. The OmpT-negative strain E. coli 
UT5600 served as a negative control. Supernatants from 
cultures of both E. coli UT2300 and E. coli UT5600 showed 
no visible colour diﬀ erence. However, the eluate from the 
Ni-NTA column showed the distinctive pink colouring of 
mCherry in the sample of OmpT-positive strain E. coli 
UT2300. In contrast, the same eluate from OmpT-negative 
cells was colourless. The secreted mCherry exhibited a 
characteristic emission peak between 580 and 700 nm, 
with a maximum at about 615 nm (Fig. 6). The negative 
control did not show any signifi cant fl uorescence at the 
examined wavelength (data not shown).
The overall yield of purifi ed 6xHis mCherry was 
about 240 μg obtained from the 800-mL supernatant of a 
bacterial culture from E. coli UT2300 harbouring pMATE-
-SI015. The secreted aﬃ  nity-purifi ed 6xHis-mCherry from 
E. coli UT2300 was visible with an apparent molecular 
mass of approx. 30 kDa aft er electrophoresis (Fig. 6c, lane 
1). The calculated molecular mass of the secreted 6xHis-
-mCherry was 28.4 kDa aft er processing by the signal 
peptidase [AHG-TP, SignalP 4.0, (40)] and OmpT at the 
artifi cial cleavage site (AR-RA). This band was not visible 
in the OmpT-negative strain E. coli UT5600. There were 
no 6xHis-containing fragments smaller than 30 kDa, sug-
gesting that there was no undesired cleavage by OmpT in 
the globular mCherry domain of the fusion protein. To 
get an impression of the transport and secretion eﬃ  ciency 
of the MATE system, soluble protein and outer membrane 
fractions of E. coli UT2300 and UT5600 pMATE-SI015 cells 
were also separated by SDS-PAGE (Fig. 7a) and the inten-
sities of the protein bands assigned to MATE-mCherry 
and mCherry were analyzed using ImageJ soft ware (41). 
The volume loaded into each lane was normalized to the 
number of cells from which the samples were obtained. 
Only a very small portion of fusion protein could be de-
tected in the soluble protein fractions of both E. coli 
UT2300 and UT5600 cells (Fig. 7a, lanes 1 and 4). The cor-
responding protein band is only visible in the Western 
blot when applying double volume of the sample, which 
we have avoided as other protein bands would then be 
overexposed (data not shown). In both strains, the largest 
part of expressed protein was located in the outer mem-
brane fraction of the cells (Fig. 7, lanes 2 and 5), indicating 
that the transport of the fusion protein is nearly complete, 
and consequently, that the MATE system is very eﬃ  cient 
in terms of surface translocation. However, when com-
paring the band intensities of MATE-mCherry in the out-
er membrane of E. coli UT2300 cells (Fig. 7a, lane 2, 
marked with an x) with those of secreted mCherry in the 
Fig. 5. Esterase activity assay of cells displaying EstA (■), cells 
displaying mCherry (Δ), cells with empty expression vector (●), 
and cell-free sample (־־). Cell cultivation and protein expres-
sion were performed as described, cells were washed twice, re-
suspended in 100 mM Tris/HCl buﬀ er, pH=7.0, containing 3.2 
mM p-nitrophenyl acetate, and absorption at 405 nm was moni-
tored photometrically for 30 min
Fig. 6. Emission spectrum of: a) secreted aﬃ  nity-purifi ed 6xHis-
-mCherry. The plasmid encoding the MATE fusion protein with 
mCherry (pMATE-SI015) as a passenger was transformed into 
the OmpT-positive strain E. coli UT2300. Cells were grown to 
A600 nm=0.5, protein expression was induced, and the cells cul-
tured at 37 °C and 200 rpm for 24 h. The cells were then re-
moved from the growth medium by centrifugation, and the su-
pernatant was loaded on a Ni-NTA column for purifi cation. The 
secreted 6xHis containing protein was then eluted with 200 mM 
imidazole. The eluate was analysed in a fl uorescence micro-
plate reader at an excitation wavelength of 550 nm and emis-
sion spectra were recorded from 580 to 700 nm. Repeating the 
purifi cation procedure with the growth medium from an 
OmpT-negative strain (E. coli UT5600) did not show any signifi -
cant fl uorescence at the examined wavelengths (data not 
shown); b) characteristic pink colour (see www.ft b.com.hr) of 
mCherry purifi ed from the supernatant of E. coli UT2300 cells 
expressing MATE-mCherry; c) Western blot of eluate from Ni- 
-NTA purifi cation of the supernatant of 1=UT2300 and 2=UT5600 
cells expressing MATE-mCherry. A mass of 5 μg of protein was 
loaded into lane 1
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supernatant (Fig 7a, lane 3, marked with an asterisk), it 
becomes clear that only a relatively small portion of ex-
pressed MATE-mCherry ended up in the supernatant in 
form of secreted mCherry. The Coomassie-stained protein 
bands have a ratio of approx. 1 to 3.7, which would ac-
count for approx. 20 % secretion. However, secreted 
mCherry is about threefold smaller than MATE-mCherry, 
and thus takes up correspondingly less Coomassie Bril-
liant Blue. Taking this into account, the secretion ratio 
would be 1 to 1.22, which is equivalent to 45 % secretion. 
Although basically not adequate for quantifying the ratio 
of proteins of diﬀ erent sizes, Western blot revealed simi-
lar band intensity ratios. Obviously, the endogenous 
OmpT activity of E. coli UT2300 is not suﬃ  cient enough to 
release more of the displayed mCherry from the cell sur-
face.
Discussion
Autotransporters can be used for either surface dis-
play or secretion of recombinant proteins. Secretion of 
recom binant proteins has several advantages for the 
large-scale production of pharmaceutical and industrial 
proteins. Although proteins can be produced at high rates 
in the cytoplasm of E. coli, there are several problems as-
sociated with the accumulation of the proteins within the 
cell. They can aggregate into insoluble inclusion bodies 
that require time-consuming refolding procedures. Alter-
natively, the purifi cation can require multiple chromatog-
raphy steps. In contrast, secretion into the media eﬃ  cient-
ly separates the protein of interest from the E. coli 
proteome. Autotransporters have a unique pathway that 
may allow the rapid secretion and purifi cation of proteins 
that are diﬃ  cult to express in other systems. In this study 
we describe a new, maximized autotransporter-mediated 
expression (MATE) based on the codon-optimized EhaA 
autotransporter of E. coli originally discovered by Wells et 
al. (5).
Sevastsyanovich et al. (18) recently exploited the au-
tocatalytic cleavage of SPATEs for the secretion of mCher-
ry using an E. coli host. We developed this concept to cre-
ate a novel system in which a single plasmid vector can be 
either used for surface display or continuous secretion. 
EhaA has been previously described as a member of the 
AIDA-I-type subfamily of autotransporter proteins (3). 
The expression of EhaA with its native passenger in E. coli 
resulted in cell aggregation and biofi lm formation (5). To 
obtain the EhaA autotransporter domain, we used a 
C-terminal region of EhaA that could be aligned with the 
linker and β-barrel of AIDA-I previously used for surface 
display (16,42). This region of EhaA was found to include 
the minimal translocation domain, as it facilitated the sur-
face display of diﬀ erent passenger proteins, namely a 
small 6xHis passenger, mCherry and EstA, in E. coli. The 
respective fusion proteins were found in the outer mem-
brane, and both mCherry and EstA could be shown by 
fl ow cytometry to be correctly displayed on the cell sur-
face. Furthermore, both proteins retained their functional 
conformation on the cell surface. The artifi cial constructs 
did not result in cellular aggregation as found with native 
EhaA, suggesting that the cell-cell interaction observed 
by Wells et al. (5) is mediated by the EhaA N-terminal do-
main.
Secretion aft er surface display with an autotransport-
er requires endoproteolytic cleavage to release the pas-
senger from β-barrel anchor in the outer membrane. 
OmpT-mediated cleavage of passenger proteins has been 
shown several times by utilizing the AIDA-I autotrans-
porter domain (15,16,20–22), although the feasibility of 
OmpT-mediated secretion on preparative protein amounts 
did not lead to suﬃ  cient results. Several systems describe 
the utilization of OmpT as a processing enzyme for liber-
ation of a desired peptide from a fusion protein. Even 
whole cells have been used as a source of OmpT protease 
for the processing of fusion proteins (30,43). We demon-
strate here the OmpT-mediated continuous secretion of 
mCherry via an artifi cial OmpT recognition site (Ala-Arg-
-Arg-Ala) inserted between the autotransporter linker and 
passenger domain. The MATE system allowed continu-
ous secretion and eﬃ  cient aﬃ  nity purifi cation of fl uores-
cent 6xHis-mCherry from the growth medium. Previous 
reports show the successful secretion of fl uorescent dsRed 
Fig. 7. Diﬀ erential cell fractionation of E. coli cells expressing MATE-mCherry from either an OmpT-positive strain UT2300 (lanes 
1–3) or an OmpT-negative strain UT5600 (lanes 4–6). a) SDS-PAGE stained with Coomassie Brilliant Blue; b) Western blot with anti-
body against 6xHis epitope. M=PageRuler prestained protein marker. Fractions of E. coli soluble proteins (lanes 1 and 4), outer mem-
brane proteins (lanes 2 and 5) and secreted proteins purifi ed from the growth medium (lanes 3 and 6) are shown. Sample loading 
was normalized so that the proteins from an equivalent number of cells is given in each lane. The MATE-mCherry fusion protein is 
marked with an x, the secreted mCherry is marked with an asterisk (*)
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variants such as mCherry through the autotransporter 
pathway (18,44). Sevastsyanovich et al. (18) reported 
yields in the range of 1 mg/L, which is considerably high-
er than the yield of approx. 0.3 mg/L that we were able to 
obtain using the MATE system. This discrepancy could in 
principle originate from diﬀ erences in the used vector 
systems (in particular the plasmid replication origin and 
promoter), which leads to diﬀ erent expression levels of 
the autotransporter proteins. However, we consider an-
other reason to be more likely: the quantitative compari-
son between expressed MATE-mCherry and secreted 
mCherry revealed that only approx. 45 % of the expressed 
MATE-mCherry was actually cleaved and secreted into 
the growth medium. As nearly all of the expressed pro-
tein was located within the outer membrane, the translo-
cation and incorporation of the MATE-mCherry protein 
into the outer membrane of E. coli can be considered as 
very eﬃ  cient. Therefore, the endogenous OmpT activity, 
rather than MATE expression, translocation, or incorpo-
ration, appears to be the limiting factor for the mCherry 
secretion process. In contrast to the study of Sevastsya-
novich et al. (18), in which every SPATE brings along an 
intrinsic protease functionality, the MATE system de-
pends on the native OmpT activity of the host strain, 
which has to process a strongly overexpressed protein on 
the cell surface. Still, the yield obtained using the MATE 
system is high enough for preparative purposes, and 
could possibly be further enhanced by using an expres-
sion strain with overexpressed OmpT, as it has already 
been reported (33). In comparison with the utilization of 
SPATEs for secretion, the MATE system also allows sur-
face display with the same plasmid in OmpT-negative 
strains.
Two additional OmpT cleavage sites (RR, RK or KR) 
can be found in mCherry. The lack of degradation prod-
ucts in the Western blot analyses indicated that OmpT did 
not cleave within the passenger domains. This corre-
sponded well with the results obtained with the surface 
display of CtxB, where the consensus site in the linker do-
main was cleaved but not the dibasic residues within 
CtxB itself (15). An explanation could be that the passen-
ger domains were folded before gett ing into contact with 
OmpT, and were therefore inaccessible to the protease. 
Overall, our results show that continuous secretion of 
mCherry with the MATE system can be successfully 
achieved regardless of the presence of predicted OmpT 
recognition sites within the passenger protein of interest.
Conclusion
In conclusion, the MATE system in Escherichia coli al-
lows continuous secretion or surface display of a protein 
of interest. As both options can be realized with a single 
plasmid, this allows high-throughput screening of new 
protein functions, and the subsequent rapid and inexpen-
sive purifi cation of the improved variants.
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